Introduction
Childhood-onset type 1 diabetes is on the increase in most countries around the world [1] [2] [3] , with an average annual increase in incidence in European children aged 0-14 years of 3.4%, rising to 6.3% in the 0-5 year age group [2] . In Sweden, a nationwide prospective register found no increase in young adults aged 15-34 years, and analysis of cumulative rates indicated a shift towards a younger age of onset rather than an overall rise in type 1 diabetes, at least up to the age of 35 [4] . Similar results were reported from Belgium [5] . A shift towards earlier onset will increase the burden upon patients and their families, and will also result in earlier onset of the complications of the disease, thus affecting the whole of society.
A recent editorial in this journal has argued that the increasing incidence of type 1 diabetes in the young is the result of accelerated disease progression [6] . The focus of interest should therefore shift to accelerating factors rather than potential triggers of autoimmunity. This discussion paper argues that at least part of the changing pattern of type 1 diabetes is preventable and reflects the increased expression of the disease in the childhood population caused by overload of the beta cell early in life, making the beta cell more vulnerable to autoimmune attack and apoptosis. Several risk factors other than obesity that may cause such acceleration have been implicated in epidemiological studies, and experimental studies provide potential mechanisms for these effects. There is therefore a basis for intervention-but the strategies must be safe and efficient. environment in causing the disease via autoimmune destruction of the beta cells. Twin studies and descriptive epidemiology have shown that environmental factors have a dominant role in disease expression. Such non-genetic factors may either initiate autoimmunity or accelerate/ precipitate beta cell destruction [7] . Follow-up studies of first-degree relatives of type-1 diabetic patients have shown that autoimmunity often precedes clinical disease by many years [8] [9] [10] . Not all individuals that carry autoantibodies towards the beta cells ultimately develop clinical diabetes, and the signs of autoimmunity may disappear [11] [12] [13] . Autoantibody prevalence is similar among relatives of type 1 diabetic patients in different countries, despite a wide variation in diabetes incidence [14] . Many authors thus agree that, once autoimmunity has been triggered, the progressive decrease in beta cell function may be caused by subsequent exposure events [7, 15, 16] . Experimental and epidemiological research has to a great extent focused on environmental risk factors that might trigger autoimmunity towards the beta cells, such as viruses [17] and food components, e.g. early introduction to different cows' milk proteins or nitrosamine compounds [18, 19] . The steadily increasing incidence of type 1 diabetes cannot, however, plausibly be associated with any of the potential triggers or initiators of autoimmunity, which should obviously show a steady pattern of changing exposure in parallel with the incidence trend. Enterovirus infections are not increasing but rather have an epidemic pattern of variability over time, and breast-feeding duration has increased despite increasing diabetes incidence [3] .
In summary, studies on the epidemiology and the natural history of the disease support the view that the environmental factors that may cause a steady increase in childhood-onset diabetes and a shift to a younger age at onset operate after the initiation of autoimmunity and act by accelerating or precipitating disease progression.
The overload effect in autoimmune diabetes
Based on epidemiological studies, we proposed that different environmental risk factors operating after the initial triggering of autoimmunity might accelerate the process by overload effects that may increase the demand for insulin production, such as high growth rate, infections, psychological stress and cold climate [7] . More recently, Wilkins proposed similar ideas, with a focus on obesity and insulin resistance as the major accelerator [20] . This article argues that the accelerating effects are exerted by a number of risk factors which, acting together via a variety of mechanisms, may all lead to beta cell overload (Fig. 1) .
Descriptive epidemiological studies from many parts of the world have shown that the incidence of type1 diabetes reaches a peak by the time of puberty in both boys and girls. An early suggestion was that this association was due to the high growth rate during puberty causing a relative increase in insulin need as a result of the effect of growth hormone upon insulin resistance [21] , superimposed upon the overall anabolic situation and need for calories. Prospective growth data from a population-based study showed that children who developed diabetes had been growing faster than age-matched controls for many years before the onset of diabetes [22] . This confirmed earlier observations that, at the onset of the disease, children tended to be taller than age-matched healthy children, despite a pre-diagnosis period of insulin deficit [23, 24] . Thus, both puberty and high linear growth in any age group was associated with an increased risk of childhood type 1 diabetes. More recently, several prospective studies have confirmed the association with height and have also shown that increases in all estimates of child growth (height, weight and BMI) are associated with increased risk [25] [26] [27] [28] -in particular, early height and weight increase over the first 2 years of life [28] . Obesity has also been proposed to be a predictor of type 1 diabetes over and above increased linear growth [27] . A multicentre prospective study involving different European populations confirmed that even small increases in height, weight and BMI were significant risk determinants when adjusted for age, sex and centre effects [28] . No significant heterogeneity was shown over different contributing centres in Europe. In the European case-control study, as much as 24% of risk was attributable to child weight at 12-24 months of age (>1 SD) and 17% was attributable to height and BMI (>1 SD) after 12-24 months. Since growth depends on genetic, nutritional and hormonal factors, we cannot exclude the possibility that the association between high growth rate and childhood diabetes results from a common genetic trait, e.g. the insulin gene (INS) variable number of tandem repeats (VNTR) locus may be associated with both type 1 diabetes and child growth [29] . However, both height and BMI standard deviation scores were independently predictive of diabetes when simultaneously included in a logistic regression analysis [28] , which speaks more in favour of nutrition as a common denominator.
The most important determinant of both child growth and weight gain is nutrition. Despite difficulties in estimating the quantitative intake of calories and nutrients, reports indicate that children who go on to develop diabetes have been overfed in terms of total calories and all categories of nutrients [30] before onset of disease, when taking body size into account [31] . A high intake of monosaccharides and disaccharides seemed particularly associated with risk [31] .
Major life events have been associated with onset of type 1 diabetes [32] , possibly mediated by increased levels of stress hormones, which are also increased in all conditions involving inflammation. Non-specific infections are well known to increase insulin need and to be associated with disease onset [33] . Since infections in northern latitudes are generally more abundant in autumn and winter, this is a possible explanation for seasonality of disease onset [34] . Cold climate will also increase insulin need [35] , and may in part account for the so-called north-south gradient of type 1 diabetes.
In summary, several environmental factors other than obesity may lead to increased insulin need and thus accelerate or precipitate disease onset. Overfeeding children will lead to both acute and chronic overload of the beta cell, since overfeeding leads to increased fat cell mass and increased linear growth mediated by increased growth hormone levels, all of which contribute to insulin resistance. Height, weight and BMI-concomitant estimates of child growth-may account for around 20% of childhood type 1 diabetes.
Possible mechanisms
There is good evidence that overloading the beta cell is associated with insulin secretory abnormalities in type 2 diabetes, and that deterioration of beta cell function may in part be caused by accelerated apoptosis [36] . Apoptosis is also an important feature of beta cell death in type 1 diabetes, and a recent review of experimental data concluded that immunological, inflammatory and metabolic signals combine to cause it [37] . If, for example, in vitro cytokine toxicity is increased in a hyperglycaemic milieu [38] , the slow self-perpetuating beta cell destruction proposed by the Steno group should be accelerated by overload. Hyperglycaemia will also increase GAD expression on the beta cell surface and possibly upregulate immune activity [39] . Experimental studies thus provide at least two possible mechanisms to explain an overload effect on the rate of beta cell destruction.
Foetal priming of diabetes
The intriguing reports of Barker and associates have led to the hypothesis, now widely accepted, that insulin resistance and type 2 diabetes are primed by in utero starvation, thus reviving the older concept of foetal priming of disease. A large prospective study allowed us to analyse the association between birthweight adjusted for gestational age and the risk of type 1 diabetes [40] . Children with a low birthweight by gestational age had a lower risk of childhood type 1 diabetes, whereas those with a high birthweight for gestational age had an increased risk. The trend for the association between intrauterine growth and diabetes risk was almost linear when adjusted for maternal diabetes. Similar findings have been reported from Norway [41] and are supported by observations from the European casecontrol study [28] . It has been suggested that birthweight may be determined by HLA specificities that also confer risk of type 1 diabetes, but the results of population-based studies are conflicting. One study showed an inverse relationship between birthweight and high-risk HLA specificities [42] , whereas another showed a weak (odds ratio=1.2) but significant positive correlation with some HLA high-risk genes, and a positive correlation with a protective HLA genotype [43] .
It thus seems as if the overfed foetus is liable to type 1 diabetes, whereas the starved foetus is prone to type 2. The discrepancy might be explained on the grounds that the beta cells in an overfed foetus may develop a beta cell phenotype more liable to apoptosis and necrosis and with a different glucose responsiveness [44] . Foetal starvation also has effects on the periphery predisposing to insulin resistance. The rapidly developing fields of nutrigenomics and epigenetics [45, 46] have offered fascinating insights into the ways in which early nutrition may have fundamental and long-lasting effects upon human development, and are of clear relevance to the epidemics of both type 1 and type 2 diabetes.
In summary, increased birthweight caused by overfeeding in utero may contribute to the overload effect of subsequent exposures by priming beta cell responsiveness. It may also alter beta cell liability to apoptosis and necrosis.
The overwealth dilemma-what can we do?
Of the proposed accelerating factors, only child growth and weight and foetal priming would be compatible with a steady incidence trend and a lower age at onset. Birthweight and childhood growth are well-recognised estimates of overall wealth and lifestyle habits, both between and within ethnic groups. In Sweden we still experience increases in gross national product (GNP), and these increases parallel those in both birthweight and overweight [47] , with a strong correlation between the change in GNP and the incidence of childhood diabetes in Sweden over a 20-year period [3] . An ecological analysis over a wide range of incidence rates of type 1 diabetes and covering more than 40 population-based registers from different European centres showed a strong correlation between the incidence of childhood-onset diabetes and official estimates of GNP [48] . It is thus tempting to suggest that lifestyle habits associated with wealth and overfeeding contribute to the increasing incidence of childhood diabetes in many countries. How can we handle this situation?
One approach would be to treat children with pharmacological agents such as metformin, but this is not a harmless drug and there is little experience with its use in the very young. A high proportion of children treated in such studies would not progress to diabetes, while it seems likely that no more than 20% of childhood-onset cases can be attributed to increases in insulin resistance alone. From a more philosophical perspective, one could question why we should aim to introduce possible lifelong medication in children to prevent one of the consequences of overfeeding, when we could focus on the overfeeding itself.
A better way to go, at present, would be to promote large population-based intervention programmes that target the pregnant mother and young families, and aim to change eating habits and sedentary lifestyle. Intervention programmes leading to significant changes in eating patterns and physical activity are successful in preventing type 2 diabetes in adults [49] . Nutrition counselling given to parents when the child is 7 months of age and repeated at 6-monthly intervals up to the age of 7 years has been shown to change the eating habits of the children compared with those of control children whose parents did not receive the intervention [50] .
Primary prevention strategies aimed at the young families and commencing in pregnancy might be even more effective, since the motivation for changing lifestyle for the benefit of the expected child should be high. Such intervention appears harmless, may reach all children at risk in a population, and avoids the costs of repeated mass screening and the problems associated with application of predictive markers. The benefits of such interventions should extend well beyond their likely influence upon future rates of diabetes.
